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In t roduct ion  

Over the  y e a r s ,  v a r i o u s  c y c l e s  have been proposed f o r  combining a 
gas t u r b i n e  p l a n t  w i t h  a steam t u r b i n e  p l a n t .  The major advantages 
advanced for such c y c l e s  were t h e  improvement i n  o v e r a l l  c y c l e  e f f i -  
c iency and the  reduct ion  i n  c a p i t a l  c o s t s .  

There a r e  a number of combined p l a n t s  i n  commercial o p e r a t i o n  but  
none a r e  of t h e  supercharged type and marginal economic advantages have 
l i m i t e d  genera l  acceptance.  F u r t h e r ,  none employ c o a l  as t h e  s i n g l e  
f u e l .  

Preliminary s t u d i e s  i n d i c a t e d  t h a t  t h e r e  were combined c y c l e s  
which of fered  a b e t t e r  economic advantage than t h o s e  then  i n  use.  
F u r t h e r ,  c e r t a i n  c y c l e s  appeared capable  of circumventing most of. t h e  
problems which had precluded t h e  use  of c o a l  as t h e  s i n g l e  f u e l  i n  
e x i s t i n g  combined p l a n t s .  

I n  view of the  tremendous p o t e n t i a l  of a n  a t t r a c t i v e  c y c l e ,  a 
program was i n i t i a t e d  which had a s  i t s  o b j e c t i v e  t h e  development of a 
c o a l - f i r e d ,  combined steam turbine-gas  t u r b i n e  e l e c t r i c  genera t ing  
p l a n t  w i t h  a 5 per  c e n t  lower h e a t  ra te  and a 5 per  c e n t  lower c a p i t a l  
c o s t  than a comparable s i z e ,  modern, convent ional  steam e l e c t r i c  p l a n t .  

Conclusions 

S u f f i c i e n t  development work was conducted t o  e s t a b l i s h  t h a t  t h e r e  
was an arrangement o f  a supercharged combined c y c l e  which was techni -  
c a l l y  f e a s i b l e  provided t h a t  a l k a l i  l e v e l s  up t o  5 ppm could be 
t o l e r a t e d  by t h e  gas t u r b i n e .  

economic f a c t o r s  s i g n i f i c a n t l y  a f f e c t e d  achievement of t h e  p r o j e c t ' s  
o b j e c t i v e  ... 

1. Coal p r i c e s  decreased i n  many a r e a s ,  thus d iminish ing  

However, dur ing  t h e  course of t h e  p r o j e c t ,  s e v e r a l  important 

t h e  va lue  of h e a t  r a t e  improvement. 

2 .  C a p i t a l  c o s t s  of convent ional  p l a n t s  decreased v e r y  
s i g n i f i c a n t l y .  Thus, t h e  p o t e n t i a l  f o r  reducing c o s t s  
below those  f o r  convent ional  p l a n t s  was a d v e r s e l y  
a f f e c t e d  . 

Because of these  f a c t o r s ,  t h e  economic o b j e c t i v e s  of  t h e  p r o j e c t  
could not  be achieved.  Consequently,  f u r t h e r  work was d e f e r r e d  u n t i l  
such t i m e  t h a t  t h e  i n f l u e n c i n g  f a c t o r s  changed s u f f i c i e n t l y  t o  a l t e r  
th'e economic eva lua t ion .  Today, a i r  p o l l u t i o n  c o n t r o l  in t roduces  
cons idera t ions  which may a l t e r  t h e  previous economic e v a l u a t i o n  and 
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c y c l e s  which have t h e  p o t e n t i a l  f o r  e f f e c t i v e  and economical a i r  pol lu-  
t i o n  c o n t r o l  a r e  being considered f o r  development. 

Discuss ion  

Engineering s t u d i e s  had been made during a per iod of s e v e r a l  years  
p r i o r  t o  i n i t i a t i o n  of t h i s  p r o j e c t  i n o r d e r  t o  s e l e c t  t h e  optimum cyc le  
f o r  development. Those s t u d i e s  concluded t h a t  a supercharged b o i l e r  
cyc le  would a f f o r d  themaximum p o t e n t i a l  f o r  meeting t h e  c y c l e  e f f i c i e n c y  
and c a p i t a l  cost  o b j e c t i v e s .  Also a s p e c i f i c  des ign  of gas- turbine was 
s e l e c t e d  on the b a s i s  of i t s  performance c a p a b i l i t i e s  and ope ra t iona l  
compatabi l i ty  f o r  i n t e g r a t i o n  i n  a l a r g e  (450 MW) steam p l a n t .  This 
t u r b i n e  w a s  a General E l e c t r i c  Frame S i z e  8 wi th  g a s  i n l e t  condi t ions 
of approximately 1600F and 95 p s i a  and d r i v i n g  a compressor d e l i v e r i n g  
about 440 pounds of a i r  per second. Two such t u r b i n e s  would be i n t e -  
g ra t ed  i n  a 450 MW combined p l a n t .  

The usua l  concept of a supercharged b o i l e r  c y c l e  i n  which the gas 
i s  cleaned between t h e  b o i l e r  and the  gas t u r b i n e  i s  shown i n  Figure 1. 
I n  t h i s  cyc le ,  c o a l  i s  f i r e d  i n t o  a supercharged b o i l e r  where t h e  com- 
bus t ion  cond i t ions ,  a s i d e  from t h e  high p res su re ,  a r e  s i m i l a r  t o  those 
i n  a convent iona l  b o i l e r .  All of the  steam gene ra t ion ,  superheat ing,  
and r e h e a t i n g  i s  accomplished i n  t h e  supercharged b o i l e r .  The hot  
gases from the supercharged b o i l e r  a r e  cleaned and admitted t o  the gas 
tu rb ine .  From t h e  v iewpoin t  of gas  t u r b i n e  e r o s i o n ,  t h e  gas can be 
cleaned adequate ly  i n  a s e r i e s  of high e f f i c i e n c y  mechanical co l l ec -  
t o r s .  However, t h i s  degree  of c l ean ing  i s  n o t  s u f f i c i e n t  t o  prevent 
gas t u r b i n e  co r ros ion  and d e p o s i t s  i n  a h igh  temperature gas tu rb ine .  
Some improvement i n  gas  c l ean ing  can be gained through t h e  use  of a n  
e l e c t r o s t a t i c  p r e c i p i t a t o r .  However, a n  e l e c t r o s t a t i c  p r e c i p i t a t o r  
w i l l  no t  remove v o l a t i l e  a s h  c o n s t i t u e n t s  which can cause depos i t i on  
and corrosion.  

Since c l e a n i n g o f h i g h  temperature combustion gases  d i d  not  appear 
f e a s i b l e , a n d i t  d i d  n o t  appear p o s s i b l e  t o  des ign  a t u r b i n e  i n t o l e r a n t  
t o  t h e  problems o f  e r o s i o n ,  co r ros ion  and d e p o s i t i o n ,  t h e  c y c l e  shown 
i n  F igure  2 was cons idered  t o  be more promising and was s e l e c t e d  as 
the b a s i s  f o r  development. I n  t h i s  c y c l e ,  a l l  o f  t h e  c o a l  i s  gas i f i ed  
t o  produce a f u e l  gas  w i th  a hea t ing  va lue  of about 100 BTU/SCF. The 
gas l eaves  t h e  producer a t  about9OOFand is cleaned with a combination 
of mechanical and e l e c t r o s t a t i c  c l eane r s .  The g a s  i s  then  f i r e d  i n  a 
combustor, cooled t o  1600F by passage over t h e  superhea ter  and r ehea te r  
su r f ace  and i s  admi t ted  t o  t h e  gas  tu rb ine .  The exhaust gases from 
t h e  gas  tu rb ine  a r e  cooled by passage over a i r  h e a t e r  and economizer 
su r face .  Under t y p i c a l  c o n d i t i o n s ,  feedwater i s  introduced i n t o  t h e  
gas  producer a t  about 5’80~ and l eaves  as steam a t  about 7 8 0 ~ .  The 
steam then f l o w s  t o  t h e  combustor where i t  i s  superheated and reheated. 
An obvious advantage of t h i s  c y c l e  i s  t h a t  t h e  g a s  clean-up i s  per- 
formed a t  900F i n s t e a d  of 1600F. 
gas t o  t h e  t u r b i n e  r e q u i r e s  c l ean ing  and t h e  s i z e  of t h e  clean-up 
appara tus  i s  t h e r e f o r e  reduced as compared t o  t h e  supercharged b o i l e r  
cycle .  S ince  c l e a n  g a s  is  f i r e d  t o  t h e  c o m b u s t o r , t h e p o s s i b l e  problems 
of co r ros ion  and f o u l i n g  o f  t h e  supe rhea te r s  and r e h e a t e r s  a r e  reduced 
i n  s e v e r i t y .  

was o u t l i n e d  were t h o s e  of... 

Fu r the r ,  l e s s  t han  one-half of t h e  

The main problems recognized a t  t h e  time t h a t  development work 

1. Deriving a c o a l  g a s i f i c a t i o n  process  s u i t a b l e  f o r  
a p p l i c a t i o n  t o  a power p l a n t .  



- 41 - 
2. Corrosion i n  t h e  reducing environment of t h e  g a s  producer.  

3. Developing a system capable  .of adequate ly  c leaning  t h e  
make-gas from t h e  producer.  

expl 
The 

I n i t i a l  l abo ra to ry  t e s t  work on coa l  g a s i f i c a t i o n  c o n s i s t e d  of t h e  
. o ra t ion  of  two g a s i f i c a t i o n  processes .  These a r e  shown i n  F igure  3. 
f i r s t  of t hese  was a fixed-bed process  i n  which c o a l  w a s  f i r e d ,  wi th  

t h e o r e t i c a l  a i r ,  i n  a lower furnace .  The ho t  gases  passed upwards and 
coun te rcu r ren t ly  t o  a coa l  bed,  s e v e r a l  f e e t  t h i c k ,  and f ed  from above. 
The c o a l  bed was supported on a water-cooled tubu la r  g r a t e  and was 
operated wi th  the  lower p o r t i o n  s lagging .  

The second g a s i f i c a t i o n  process  w a s  a suspension system which a l s o  
u t i l i z e d  a lower furnace  i n  which f u e l  was f i r e d  wi th  t h e o r e t i c a l  a i r .  
The ho t  combustion gases passed upwards and crushed c o a l  of t h e  s i z i n g  
of 1/4 inch x 0 was i n j e c t e d  i n t o  these  gases  a t  t h e  o u t l e t  of t h e  
primary furnace.  The gas v e l o c i t i e s  were maintained s u f f i c i e n t l y  h igh  
t o  keep the  coa l  i n  suspension.  This  g a s i f i e r  was cons t ruc t ed  wi th  a n  
annular  space between a s i l i c o n  ca rb ide  tube ,  i n  which g a s i f i c a t i o n  took 
p l ace ,  and an  ou te r  j acke t .  Combustion gases  from a n a t u r a l  gas  burner  
a t  t h e  top  flowed through t h e  annulus  t o  reduce hea t  l o s s e s  from t h e  
g a s i f i c a t i o n  zone. 

g a s i f i e r s  revea led  t h a t  t h e  fixed-bed process  provided a somewhat r i c h e r  
gas  than t h a t  obtained from t h e  suspension process .  However, t h e  
fixed-bed process  produced t a r s  which were cons idered  troublesome whereas 
t h e  gas from t h e  suspension process  was tar-free. The p rocesses  a l s o  
were eva lua ted  on t h e  b a s i s  of  t h e i r  s u i t a b i l i t y  t o  l a r g e  power p l a n t  
a p p l i c a t i o n  and from t h e  s t andpo in t  of a d a p t a b i l i t y  t o  a wider range of 
coa l  p r o p e r t i e s  and c o a l  s i z i n g  and cons ide ra t ions  of des ign ,  construc-  
t i o n  and ope ra t ion ,  t h e  suspension process  w a s  s e l e c t e d  a s  t h e  b e t t e r  
choice.  

The experimental  r e s u l t s  obtained from t h e  ope ra t ion  of t hese  two 

The next  s t e p  i n  gas  producer development cons i s t ed  of  t h e  des ign  
and cons t ruc t ion  of  a l a r g e  suspension g a s i f i e r  wi th  a c o a l  g a s i f i c a -  
t i o n  r a t i n g  o f  about  5000 pounds p e r  hour. 
ope ra t ion  on June 1961 and an  i somet r i c  view of t h e  appa ra tus  i s  shown 
i n  Figure 4. 

The main components of t h i s  appara tus  were t h e  g a s i f i e r  i n  which 
t h e  make-gas was produced and t h e  combustor, i n  which t h e  make-gas w a s  
burned. A i r  from t h e  forced  d r a f t  f a n  passed through t h e  primary 
s e c t i o n  of t h e  a i r  h e a t e r  and a p o r t i o n  was suppl ied  a s  combustion a i r  
t o  t h e  combustor. The remaining p o r t i o n  passed through t h e  secondary 
s e c t i o n  of t h e  a i r  h e a t e r  and was suppl ied  t o  t h e  g a s i f i e r  a t  tempera- 
t u r e s  up t o  1000F. The coa l  was pulver ized  i n  an  a i r  swept m i l l  and 
conveyed wi th  primary a i r  t o  t h e  burners .  The gas produced was cooled 
over convection h e a t  absorbing su r face  t o  about  8 0 0 ~  and en te red  two 
42 inch cyclone c o l l e c t o r s  where t h e c o a r s e  f ly-coke was removed from 
t h e  gas.  The f ly-coke was c o l l e c t e d  i n  a hopper,  f e d  through a r o t a r y  
f eede r  and r e i n j e c t e d  i n t o  t h e  g a s i f i e r .  The make-gas l eav ing  t h e  
cyclone c o l l e c t o r s  w a s  conducted t o  t h e  combustor where it was burned 
wi th  excess a i r .  

This  g a s i f i e r  went i n t o  

This equipment w a s  operated f o r  about  two yea r s  dur ing  which 
t ime a number of conf igu ra t ions  of t h e  g a s i f i e r  were explored.  The 
o r i g i n a l  arrangement cons i s t ed  of a h o r i z o n t a l  Cyclone Furnace f i r i n g  
i n t o  t h e  gas producer s h a f t .  All of  t h e  coa l  was i n j e c t e d  i n t o  the  
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base of t h e  s h a f t  and t h e  f ly-coke ,  which was separa ted  from t h e  make- 
gas ,  was r e f i r e d  i n t o  t h e  Cyclone Furnace. S ince  t h e  coa l  consumption 
i n  t h i s  g a s i f i e r  was about  5OOO pounds per  hour ,  a s i n g l e  Cyclone 
Furnace was s e l e c t e d  t o  avoid t h e  combustion problems with mul t ip le  
s n a l l e r - s i z e d  Cyclone Furnaces.  However, t h e  ' s ing le  Cyclone Furnace 
arrangenent  introduced gas  f low d i s t r i b u t i o n  problems which would n o t  
e x i s t  t o  t h e  S a m e  degree wi th  m u l t i p l e  Cyclone Furnaces. Consequently, 
t h e  f i n a l  arrangement,  F igure  5 ,  wi th  t h e  h o r i z o n t a l  Cyclone Furnace 
included a t r a n s i t i o n  s e c t i o n  between t h e  Cyclone Fur:iace and t h e  secon- 
dary furnace  so cons t ruc ted  as t o  convert  t h e  g a s  s p i n  on t h e  h o r i z o n t a l  
a x i s  i n t o  a gas s w i r l  on t h e  v e r t i c a l  a x i s .  

Gas producer theory  shows t h e  very  s t r o n g  e f f e c t  o f  g a s i f i c a t i o n  
zone h e a t  l o s s e s  upon t h e  h e a t i n g  va lue  of t h e  gas produced; and 
a n a l y s i s  of the  h o r i z o n t a l  Cyclone Furnace g a s i f i e r  arrangement ind i -  
ca ted  t h a t  lower h e a t  l o s s e s  might be expected by us ing  a v e r t i c a l  
Cyclone Furnace f i r i n g  upward i n t o  t h e  g a s i f i c a t i o n  s h a f t .  

A t  the  same time, c o n s i d e r a t i o n s  based on theory  and p r a c t i c e  
r e s u l t e d  i n  the r e c o g n i t i o n  t h a t  t h e  v e r t i c a l  Cyclone Furnace would 
have t o  opera te  a t  a lower r a t i n g  than t h e  h o r i z o n t a l  Cyclone Furnace 
and t h a t  f i n e r  c o a l  s i z i n g  would be requi red  i n  order  t o  prevent  undue 
carbon l o s s  t o  t h e  s l a g .  On t h e  b a s i s  of t h e s e  a n a l y t i c a l  s t u d i e s  and 
information obtained from p l a n t  v i s i t s  and surveys of t h e  opera t ion  and 
performance of modern European g a s  producers,  it w a s  decided t o  convert  
t h e  h o r i z o n t a l  Cyclone Furnace type producer t o  t h e  v e r t i c a l  Cyclone 
Furnace type i n  order  t o  explore  t h e  p o s s i b l e  advantages of t h i s  arrange- 
ment and t h e  conf igura t ion  i s  shown i n  Figure 6. 

The opera t ion  of t h i s  producer d id  n o t  show any s t r i k i n g  d i f f e r e n c e  
i n  performance. Both producers  operated wi th  acceptab le  carbon l o s s  
t o  t h e  s l a g  and t h e  ranee of gas  hea t ing  va lues  obtained were comparable 
and of  t h e  order of 70-80 BTW/SCF. Ext rapola t ion  o f  t h e s e  r e s u l t s  t o  
t h e  lower percentage h e a t  l o s s e s  i n  a g a s i f i e r  of  commercial s i z e  pre- 
d i c t e d  t h a t  gas w i t h  a h e a t i n g  value of 100 BTU/SCF could be expected 
from e i t h e r  type. The v e r t i c a l  Cyclone Furnace produced somewhat l e s s  
lamp b lack  but t h i s ,  i n  i t s e l f ,  would not  d i c t a t e  t h e  choice between 
t h e  two. The choice  involves  c o n s i d e r a t i o n  o f  o t h e r  f a c t o r s ,  foremost 
of which a r e  the  comparative c o s t s  and t h e  producers ,  t h e  a s s o c i a t e d  
f u e l  handl ing systems and t h e  s i m p l i c i t y  o f  opera t ion .  Summing up 
t h e  r e s u l t s  of t h e  gas producer development work, two a l t e r n a t e  types 
of g a s  producers were developed, e i t h e r  of which is  a p p l i c a b l e  f o r  
use  i n  a combined steam-gas t u r b i n e  cyc le  of commercial s i z e .  

I n v e s t i g a t i o n s  i n t o  t h e  problem of cor ros ion  i n  t h e  reducing 
atmosphere of t h e  gas producer cons is ted  f i r s t  of  a l i t e r a tu re  search. 
Because of t h e  d i f f e r e n c e  i n  metal temperatures  and p a r t i a l  p ressures  
of t h e  gas c o n s t i t u e n t s ,  a lmost  no previous gas  producer cor ros ion  
experience could be found which appl ied  under t h e  c o n d i t i o n s  expected i n  
a gas  producer f o r  a combined cyc le .  
experience a t  t h e  temperatures  and hydrogen s u l f i d e  concent ra t ions  which 
were expected was a v a i l a b l e .  
s t e e l ,  the  in te rmedia te  c r o l o y s ,  and even f o r  t h e  common a u s t e n i t i c  
s t a i n l e s s  s t e e l s  were d iscouraging .  However, though t h e  r e f i n e r y  
experiences were a t  t h e  hydrogen s u l f i d e  l e v e l s  which were expected, 
t h e  p a r t i a l  p ressures  of  t h e  o t h e r  g a s  c o n s t i t u e n t s  were much d i f f e r e n t  
from t h e  expected c o n d i t i o n s .  
t e s t  v a r i o u s  a l l o y s  under condi t ions  d u p l i c a t i n g  those  expected i n  a 
commercial producer. The tests were conducted i n  a u t o c l a v e s  under t h e  
condi t ions  of  p r e s s u r e ,  temperature ,  and gas composition expected i n  
t h e  commercial producer.  These t e s t s  s u b s t a n t i a l l y  confirmed t h e  

However, some petroleum r e f i n e r y  

The cor ros ion  rates r e p o r t e d  from carbon 

Experiments were t h e r e f o r e  designed t o  
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repor ted  r e f i n e r y  experiences.  Search f o r  b e t t e r  a l l o y s  i n  subsequent 
t e s t s  u l t i m a t e l y  l e d  t o  two a l l o y s  which e x h i b i t e d  s a t i s f a c t o r y  corro- 
s ion r e s i s t a n c e .  The f i r s t  of t h e s e  was a n  18 CR - 13 N i  s t e e l  with 
2.5 per cent  s i l i c o n .  The second w a s  an 18 CR s t e e l  w i t h  4 p e r  cent  
aluminum. These s t e e l s  e x h i b i t e d  cor ros ion  r a t e s  of about  0.003 inches 
per year  a t  950F metal temperature  i n  t h e  atmosphere expected i n  a gas 
producer f i r e d  w i t h  a 5 per  cent  s u l f u r  coa l .  

The t h i r d  major a r e a  i n  which development work was undertaken was 
the clean-up of t h e  make-gas from t h e  producer.  The o r i g i n a l  concept 
f o r  c leaning t h e  make-gas t o  t h e  degree r e q u i r e d  f o r  t h e  s e r i e s  gas -  
i f i e r  and combustor c y c l e  descr ibed  e a r l i e r  involved t h e  combination of 
mechanical c o l l e c t o r s  followed by a n  e l e c t r o s t a t i c  p r e c i p i t a t o r .  It  
was recognized t h a t  t h e  e l e c t r o s t a t i c  p r e c i p i t a t o r  involved t h e  major 
d i f f i c u l t i e s  expected. Therefor e ,  an e l e c t r o s t a t i c  p r e c i p i t a t o r  was 
designed and b u i l t  t o  i n v e s t i g a t e  c leaning  of t h e  g a s  from t h e  producer. 
Problems were immediately encountered i n  t h e  way of i n s u l a t o r  e l e c t r i c a l  
s h o r t i n g  due t o  d e p o s i t s  o f  carbon black. This d i f f i c u l t y  w a s  l a r g e l y  
overcome by employing a charged g r i d  around the  i n s u l a t o r  toge ther  with 
g a s  sweeping using n i t r o g e n  a s  t h e  purge gas .  A small number of per- 
formance t e s t s  were conducted on t h e  p r e c i p i t a t o r  and t h e  r e s u l t s  
ind ica ted  t h a t  t h e  permiss ib le  gas  v e l o c i t i e s  were s o  low as t o  make 
t h e  p r e c i p i t a t o r  f o r  a commercial u n i t  very l a r g e  and p r o h i b i t i v e l y  
exp ens i v  e. 

It  then was decided t o  determine whether t h e  g a s  c lean-up could 
be accomplished t o  a s u f f i c i e n t  degree by mechanical means a lone ,  Test  
apparatus  was i n s t a l l e d  t o  determine t h e  e f f e c t i v e n e s s  of  mechanical 
c leaning of the  make-gas from t h e  s tandpoin t  of turbine eros ion .  The 
appara tus ,  a s  shown i n  F igure  7, c o n s i s t e d  o f  a series of mechanical 
c o l l e c t o r s ,  a combustor where t h e  producer gas was burned, a h e a t  ex- 
changer t o  cool  t h e  g a s  t o  t h e  desired temperature  e n t e r i n g  the g r i d s ,  
a t u r b i n e  g r i d  s imula t ing  t h e  f i r s t  s t a g e  nozzles  and b lades  and a 
steam e j e c t o r  t o  produce t h e  d e s i r e d  g a s  v e l o c i t i e s  through t h e  gr id .  
Test  r e s u l t s  i n d i c a t e d  t h a t  the  make-gas could be cleaned by mechanical 
means a lone  t o  t h e  degree r e q u i r e d  t o  prevent  gas t u r b i n e  e ros ion .  

However, it was recognized t h a t  c leaning  of t h e  make-gas by 
mechanical means only could in t roduce  s e r i o u s  problems i n  t h e  c y c l e  
o r i g i n a l l y  s e l e c t e d  f o r  development. Two p o s s i b l e  problems which were 
envisioned were.. . 

1. t u r b i n e  e r o s i o n  due t o  a s h  agglomeration and subsequent 
s p a l l i n g  of coarse  p a r t i c l e s  from t h e  combustor convect ion 
s u r f a c e s  and 

2. cor ros ion  i n  t h e  gas  t u r b i n e  due t o  t h e  bui ld-up of 
a l k a l i  i n  t h e  system. 

The c y c l e ,  shown i n  F igure  8, was conceived t o  circumvent t h e s e  d i f f i -  
c u l t i e s .  T h i s  c y c l e  can be descr ibed  as a p a r a l l e l  gas  producer and 
supercharged b o i l e r  arrangement. I n  t h i s  c y c l e ,  t h e  major p o r t i o n  of  
t h e  c o a l  i s  consumed i n  t h e  supercharged b o i l e r  under normal condi t ions  
of excess a i r .  The combustion gases  a re  t h e n  cooled t o  9OOF and cleaned 
i n  a n  e l e c t r o s t a t i c  p r e c i p i t a t o r .  S ince  t h e  f l y  a s h  i s  f r e e  of carbon, 
t h e  opera t ion  of t h i s  p r e c i p i t a t o r  does not  p r e s e n t  t h e  problems encoun- 
t e r e d  when cleaning gas  from the  g a s i f i e r .  
t u r e  i s  s u f f i c i e n t l y  low t h a t  v o l a t i l e  a s h  c o n s t i t u e n t s  a r e  e s s e n t i a l l y  
a b s e n t  and the  a l k a l i  can be c o l l e c t e d  as a fume and d ischarged  from t h e  
system. The opera t ing  temperature  of t h e  p r e c i p i t a t o r  would n o t  present  

I n  a d d i t i o n ,  t h e  gas  tempera- 
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d i f f i c u l t i e s  due t o  e l e c t r i c a l  c h a r a c t e r i s t i c s  o f  the  gas o r  ash.  

S u f f i c i e n t  coa l  i s  g a s i f i e d  i n  t h e  gas producer t o  supply t h e  
combustor with enough f u e l  t o  r e h e a t  a l l  o f  t h e  gas  t o  t h e  t u r b i n e  
t o  the  d e s i r e d  i n l e t  temperature.  The gas t u r b i n e  exhaust gases  a r e  
cooled t o  the  s t ack  temperature with a i r  h e a t e r  and economizer su r face  
i n  a manner similar t o  t h e  s e r i e s  cyc le .  

Under t y p i c a l  c o n d i t i o n s ,  feedwater e n t e r s  t h e  g a s i f i e r  a t  580F 
and l eaves  a t  670F. I t  t h e n  passes  t o  t h e  supercharged b o i l e r  where 
t h e  superheat ing and r ehea t ing  takes  p l ace .  

The p a r a l l e l  c y c l e  posses ses  a number of important advantages over 
t h e  s e r i e s  cycle.  Perhaps the  ch ief  one i s  t h e  s i m p l i f i c a t i o n  i n  the  
gas  c leaning.  In  t h e  c a s e  of t h e  p a r a l l e l  c y c l e ,  a l k a l i  i s  r e j e c t e d  
from t h e  cyc le  a long w i t h  t h e  f l y  a s h  from t h e  p r e c i p i t a t o r  i n  addi-  
t i o n  t o  i t s  d i s p o s a l  w i t h  t h e  s l a g .  The curves of Figure 9 show t h e  
r e l a t i o n s h i p  between the  a l k a l i  concen t r a t ion  t o  the  gas t u r b i n e  and the  
make-gas cleaning e f f i c i e n c y  f o r  t he  p a r a l l e l  c y c l e  w i t h  t h e  assumptions 
i n d i c a t e d .  The assumptions r e q u i r e  a 95 per cen t  e f f i c i e n t  mechanical 
c o l l e c t o r  t o  reduce t h e  a l k a l i  t o  t h e  t u r b i n e  t o  5 ppm when burning a 
0.25 per cent  t o t a l  a l k a l i  coa l .  Further  t e s t i n g  under gas t u r b i n e  
cond i t ions  of p r e s s u r e  and temperature would be r equ i r ed  t o  a s s e s s  
whether an a l k a l i  l e v e l  o f  5 ppm i n  t h e  g a s  t o  t h e  t u r b i n e  could be 
t o l e r a t e d .  

Since the  gas producer r e q u i r e s  s t a i n l e s s  s t e e l  t o  provide corTo- 
s j o n  r e s i s t a n c e ,  it i s  a c o s t l y  component i n  t h e  cyc le .  In the  p a r a l l e l  
c y c l e ,  about 30 per  cen t  OT t h e  coa l  must be g a s i f i e d  as  compared with 
t h e  need f o r  100 per  c e n t  g a s i f i c a t i o n  i n  t h e  s e r i e s  cyc le .  The s i z e  
and c o s t  of  t h i s  component, t h e r e f o r e ,  a re  reduced i n  t h e  p a r a l l e l  cycle.  
This advantage i s  f u r t h e r  augmented by t h e  reduced temperature  pick-up 
i n  t h e  g a s i f i e r  coo l ing  c i r c u i t .  The r e s u l t i n g  lower metal  temperature 
l i m i t s  the  co r ros ion  r a t e  t o  a t o l e r a b l e  l e v e l .  

The p a r a l l e l  c y c l e  p r e s e n t s  f u r t h e r  advantage i n  t h e  way of t he  
increased ope ra t ing  f l e x i b i l i t y  p o s s i b l e  i n  t h e  g a s i f i e r .  Since t h e  
f ly-coke removed from t h e  make-gas i s  f i r e d  t o  t h e  supercharged b o i l e r ,  
t h e  gas producer need n o t  ope ra t e  under t h e  cond i t ion  of 100 per cent  
carbon u t i l i z a t i o n .  This  permits ope ra t ion  w i t h  a h ighe r  f u e l  t o  a i r  
r a t i o  i n  t h e  g a s i f i e r  which produces gas w i t h  a n  increased hea t ing  
value.  I n  e fFec t ,  t h e  g a s  producer can be operated anywhere between 
t h e  cond i t ions  of a gas producer o r  a ca rbon ize r .  

Evaluation of t h e  cons ide rab le  d a t a  ob ta ined  a s  a r e s u l t  of t he  
r e s e a r c h  and development l e d  t o  the  assessment t h a t  a la rge  s c a l e  p l a n t ,  
of t he  p a r a l l e l  c y c l e  t y p e ,  would be t e c h n i c a l l y  f e a s i b l e  provided t h a t  
a l k a l i  l e v e l s  up t o  5 ppm could be t o l e r a t e d  by the  gas tu rb ine .  

Engineering des igns  and s t u d i e s  c l o s e l y  p a r a l l e l e d  t h e  l abora to ry  
work throughout t h e  e n t i r e  development and a n a l y s i s  of t h e  p a r a l l e l  
c y c l e  showed t h a t  t h e  d e s i r e d  h e a t  r a t e  r e d u c t i o n  could be obtained.  

To determine whether t h e  commercial development of t h i s  cyc le  
could be j u s t i f i e d ,  a 450 MW p l a n t  w a s  designed t o  a s u f f i c i e n t  degree 
t h a t  r e l i a b l e  c o s t  e s t i m a t e s  and eva lua t ions  could b e  made. S u b s t a n t i a l  
engineer ing e f f o r t  was expended i n  t h e  design o f  a l l  t h e  p l a n t  compo- 
nen t s  t o  a s su re  f u n c t i o n a l  and s t r u c t u r a l  adequacy. 

Sketches of t h e  s i d e  e l e v a t i o n  and t h e  p l a n  view of t h e  p l a n t  
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arrangements which were developed a r e  shown i n  F igu res  10 and 11 respec- 
t i v e l y ,  and a n  a r t i s t ' s  ske t ch  of t he  p l a n t  i s  shown i n  F igu re  12. 

From these  s t u d i e s  i t  was concluded tha t . . .  

1. 

2. 

3 .  

4. 

5. 

The machinery arrangement f o r  a combined p l a n t  i nvo lves  
more components, i s  more complex and i s  i n h e r e n t l y  more 
expensive than t h a t  o f  a convent iona l  p l a n t .  

A combined p l a n t  does no t  o f f e r  a s u b s t a n t i a l  saving i n  
the cos t  of p l a n t  components e x t e r n a l  t o  t h e  b o i l e r  
p l a n t  and steam generator .  

The increased c o s t  of t h e  p l a n t  was g r e a t e r  than the  . 
va lue  o f  t h e  h e a t  r a t e  improvement. 

The r educ t ions  made i n  t h e  c o s t  of convent iona l  p l a n t s  
dur ing  t h e  course  o f  t h i s  development s i g n i f i c a n t l y  
a f f e c t e d  t h e  c o s t  comparison between convent iona l  and 
combined cyc le s .  

The s i g n i f i c a n t  dec rease  i n  t h e  average  c o s t  of  coa l  
de l ive red  t o  u t i l i t i e s  which occurred dur ing  t h e  cour se  
of t h e  p r o j e c t  decreased t h e  worth of h e a t  r a t e  improve- 
ment and was unfavorable  t o  t h e  combined c y c l e  economic 
comparison. 

A very  thorough a n a l y s i s  of t h e  economic and market eva lua t ions  
concluded tha t  t h e  c y c l e  d i d  not o f f e r  s u f f i c i e n t  economic inducement 
t o  j u s t i f y  t h e  very  l a r g e  expendi ture  that  would be r equ i r ed  t o  
cont inue t h e  development t o  r each  t h e  commercial product stage. 
Accordingly, it w a s  agreed  t h a t  development should be d i scon t inued  
u n t i l  such t ime t h a t  major f a c t o r s  a l t e r e d  s u f f i c i e n t l y  t o  change 
the  above conclusion. 

The inc reas ing  emphasis on t h e  c o n t r o l  of a i r  p o l l u t i o n  has r e s u l t e d  
i n  renewal of i n t e r e s t  i n  combined c y c l e s  of t h e  supercharged type which 
o f f e r  t h e  p o t e n t i a l  f o r  removal of t he  p o l l u t a n t s  from gases  a t  elevated 
p res su res  and of reduced volumes. 

There a r e  a number of c y c l e s  which have been proposed f o r  t h i s  
purpose and a n  example o f  one i s  shown i n  F igu re  13. In th i s  cyc le ,  
coa l  and a i r  a r e  f ed  t o  a p r e s s u r i z e d ,  water-cooled gas producer which 
d e l i v e r s  combustible g a s  a t  about  9OOF. The p a r t i c u l a t e  matter is  then  
removed e i t h e r  mechanically or by f i l t e r i n g  i f  f i l t e r  media capable  of 
ope ra t ing  a t  t h i s  temperature are  developed. The s u l f u r  compounds can 
be removed by s o l i d  adsorbents  of t h e  metal  ox ide  type which can  be . 
regenera ted  t o  produce s u l f u r  d iox ide  s u i t a b l e  for feed t o  a s u l f u r i c  
a c i d  p l a n t .  A l t e r n a t e l y ,  r e g e n e r a t i o n  t o  form e lementa l  s u l f u r  may be 
f e a s i b l e  and t h i s  i s  under i n v e s t i g a t i o n .  

t o  a high temperature gas  t u r b i n e  which exhausts  t o  t h e  steam generat ing 
and h e a t  recovery p o r t i o n  o f  t he  system. The water and t h e  steam s i d e  
of t h e  cycle  have been omitted from t h e  f i g u r e  f o r  t h e  sake  of s i m p l i -  
c i t y .  Since the flame temperature i n  t h e  combustor i s  less than  t h a t  
i n  a conventional c o a l - f i r e d  b o i l e r  fu rnace ,  s i g n i f i c a n t l y  l e s s  n i t rogen  
ox,ides w i l l  be produced. 

The c l e a n  combustible gas  i s  f i r e d  i n  a combustor which d i scha rges  

Since the  g a s  i s  produced and cleaned a t  h igh  p r e s s u r e ,  t h e  s i z e  
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and poss ib ly  t h e  c o s t  of t h e  gas producer and cleanup system would be 
s i g n i f i c a n t l y  less  t h a n  with atmospheric pressure  systems. 
t h e  power cycle  i s  more e f f i c i e n t  and t h i s ,  coupled with t h e  va lue  of 
s u l f u r  recovered,  i n d i c a t e s  promise f o r  an economical s o l u t i o n  t o  t h e  
a i r  p o l l u t i o n  problem of t h e  e l e c t r i c  u t i l i t i e s .  

through t h e  p i l o t  p l a n t  s t a g e  and t h e  cyc le  i s  considered t o  be 
technologica l ly  f e a s i b l e .  However, t h e  economic eva lua t ion  o f  t h e  
c y c l e  and the development c o s t s  which would be requi red  have not  been 
exsmined i n  s u f f i c i e n t  d e t a i l  t o  perrnit conclusions concerning t h e  
commercial p o t e n t i a l .  Perhaps, with t h e  a p p l i c a t i o n  of s u f f i c i e n t  
engineer ing ingenui ty ,  a c y c l e  of t h i s  or a similar type may become 
the  economical power p l a n t  of t h e  f u t u r e .  
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